Increasing evidence indicates that survivin, an inhibitor of apoptosis protein (IAP), is expressed in human cancer cells but is absent from most normal adult tissues. Here, we examined the feasibility of using a survivin promoter (Sur-P) to direct therapeutic expression of a proapoptotic gene specifically in human tumor cells. First, we demonstrated that this promoter was highly active in human tumor cells but not in normal cells. Second, we found that Sur-P activity was upregulated by hypoxia in tumor cells. Third, to further enhance this promoter's activity under hypoxia, we added a hypoxia-responsive element (HRE) from the vascular endothelial growth factor gene promoter in its 5 0 region, and showed that this combination resulted in a further increase in the level of gene expression in hypoxic tumor cells. Finally, we demonstrated that expression of an autocatalytic reverse caspase-3 gene by this promoter specifically induced apoptotic cell death in human tumor cells but not in normal cells. These findings support the use of promoters Sur-P or chimeric HRE-Sur-P for generating novel vectors for cancer gene therapy.
Introduction
Development of therapeutic approaches specifically targeting cancer cells has been an intensive research focus for cancer therapy. A promising strategy is to deliver suicidal and/or cytotoxic genes into tumor cells through gene therapy vectors, which induces cancer cell death. Therefore, an important aspect of cancer gene therapy is to restrict the expression of the suicidal and cytotoxic genes to the tumor cells, thereby limiting damage to normal cells. Previous studies have demonstrated that tissue-or tumor-specific promoters, which are highly expressed in the liver, colon, melanoma, prostate or breast cancer, are capable of directing therapeutic gene expression in the tumor cells. [1] [2] [3] [4] [5] However, this approach has limitations as many of these promoters are active only in specific tumor types and some of the tissue-specific promoters can lead to serious side effects due to expression of therapeutic genes in normal cells. 1, 6, 7 Recently, a family of inhibitor of apoptosis (IAP) proteins has been characterized and their roles in blocking apoptotic pathways and heightening resistance to therapeutic reagents have been elucidated. [8] [9] [10] Survivin, a novel member of the IAP family of proteins, is involved in apoptosis control as well as regulation of cell division. 11 It is expressed in 60-70% of many common tumor types but not in normal, differentiated adult tissues. [12] [13] [14] [15] Its upregulation in human cancer cells has been related to the resistance of the cancer cells to chemoand radiotherapy. 16, 17 Furthermore, the level of survivin expression in tumor tissues is correlated with the prognosis of the patients. 15, 18, 19 These results have provided the rationale of targeting survivin for cancer therapy. For example, downregulation of survivin expression or function induces apoptotic cell death specifically in tumor cells and enhances the antitumor effects of several chemotherapy drugs. 12, [20] [21] [22] On the other hand, the unique expression of survivin in cancer cells but not in most normal adult tissues suggests that the survivin promoter (Sur-P) may be useful for cancer gene therapy. However, this research area has not yet been extensively explored.
In this study, we examined the activity of a number of Sur-P with different lengths in human breast and pancreatic cancer cell lines as well as in normal cell lines, and found that the 269-bp survivin core promoter has sufficient promoter activity and specificity for driving target gene expression in cancer but not normal cells. We also found that hypoxia increases Sur-P activity as well as its expression in human tumor cells. Moreover, a combination of the Sur-P with a hypoxia-responsive element (HRE) from the vascular endothelial growth factor (VEGF) gene further increased the activity of the Sur-P in tumor cells. Finally, we demonstrated the feasibility of using the Sur-P to control the expression of an apoptosis-inducing gene and to induce cell death specifically in human tumor cells.
Results
A 269-bp survivin core promoter is sufficient to drive specific expression of the luciferase gene in tumor cells
To determine the strength and specificity of different Sur-P fragments in controlling gene expression, we compared their ability to direct the expression of a luciferase reporter gene. pLuc-6270, pLuc-1430 and pLuc-cyc1.2 plasmids (see Materials and methods) were transiently transfected in human breast cancer MCF-7 and MDA-MB-231, and pancreatic cancer MIA PaCa-2 cell lines. Intermediate to high levels of promoter activities were detected in the tumor cell lines, transfected ( Figure 1a) . As compared to the luciferase activity measured in pGL-2-basic plasmid-transfected cells, relatively high levels of promoter activities (19- Figure 1a) . Our results indicated that in all three human tumor cell lines, the activity of the 269-bp survivin core promoter (pLuc-cyc1.2) construct is comparable to or higher than the two other Sur-P containing 1430 (pLuc-1430) and 6270 (pLuc-6270) nt of 5 0 -flanking sequences. Next, we investigated the specificity of the 269-bp core Sur-P in driving gene expression in a number of normal and cancerous cell lines. High levels of pLuc-cyc1.2 Sur-P activities were observed in human tumor cell lines but not in normal cell lines (Figure 1b ). Pancreatic cancer cell line MIA PaCa-2 displayed the strongest promoter activity among the three tumor cell lines with a relative luciferase activity 25-or 50-fold higher than that detected in normal human mammary epithelial cell line MCF-10A or primary human dermal fibroblast cell line HDF (Figure 1b) . About 15-to 29-fold higher Sur-P activity was also detected in MCF-7 cells as compared with the two normal cell lines (Figure 1b) . Of three tumor cell lines, MDA-MB-231 cells had a relatively low Sur-P activity, which was still about four-to eight-fold higher than that of the normal cell lines (Figure 1b) . These data strongly suggest that the 269-bp survivin core promoter Figure 1 Examination of Sur-P activity in human tumor and normal cell lines. (a) The promoter activity of different Sur-P-luciferase constructs in human tumor cell lines. The relative luciferase activity was a ratio of firefly and renilla luciferase activity for each sample. The relative promoter activity was calculated using the relative luciferase activity from MCF-7 cells transfected by pGL-2-basic construct as a reference of 1. Bars indicate mean values plus standard deviation (s.d.) of three (MDA-MB-231 and MIA PaCa-2) or four (MCF-7) independent experiments. (b) High levels of Sur-P activities were detected in human cancer lines, but the activity was very low in normal human cell lines. The relative Sur-P activity for each cell line was calculated using the relative luciferase activity of HDF cell line transfected by pLuc-cyc1. has sufficient strength and specificity for potential cancer gene therapy.
To determine whether the level of promoter activity in the reporter assay reflected the level of endogenous survivin expression, we examined survivin expression in human tumor and normal cell lines by real-time RT-PCR and Western blot analyses (Figure 1c) . We found that the expression of survivin mRNA and protein is strikingly higher in human cancer cell lines than in normal cell lines, consistent with the results from Sur-P-luciferase reporter assay studies (Figure 1c) .
A common way to determine the strength of a tissueor tumor-specific promoter is to compare the activity with viral promoters, such as CMV or SV-40 promoter. We compared the activity of the À269 nt Sur-P with the SV-40 viral promoter using a pGL-3 SV-40 promoter construct. Our results showed that the Sur-P activity in MCF-7 and MIA PaCa-2 cell lines was about the same as that obtained with the SV-40 promoter. While in MDA-MB-231 cells, it was about one-fourth ( Figure 2) . Therefore, the survivin core promoter is not only specifically activated in the tumor cells but also has high transcriptional activity, which makes it attractive for constructing gene therapy vectors that produce high levels of therapeutic gene expression specifically in human tumor cells.
Hypoxia upregulates survivin expression and promoter activity in human tumor cell lines
The presence of hypoxic regions in solid tumors is a common phenomenon and results in dramatic alterations in gene expression. 23 We explored whether a hypoxic environment could affect survivin expression and promoter activity. Human breast cancer MDA-MB-231 and MCF-7, and pancreatic cancer MIA PaCa-2 cells were cultured in normoxic or hypoxic conditions (1% O 2 , 5% CO 2 and 94% N 2 ) and total RNAs were isolated. The level of survivin gene expression was examined by realtime RT-PCR analysis. As shown, survivin mRNA was significantly upregulated (1.5-to 2.6-fold) in all three cancer cell lines 8 h after hypoxia (Figure 3a , Po0.05). The differences between the normoxic and hypoxic groups were statistically significant (MCF-7: P ¼ 0.0039; MDA-MB-231, P ¼ 0.05; and MIA PaCa-2: P ¼ 0.009, Student's t-test, data obtained from two to three independent experiments).
Next, we examined the Sur-P activity in hypoxic tumor cells. Sur-P luciferase reporter constructs (pLuccyc1.2, pLuc-1430, pLuc-6270) were transfected into MCF-7, MDA-MB-231 and MIA PaCa-2 human tumor cell lines. After culture in the presence or absence of hypoxia, luciferase activities in the cell lysates were measured. Under hypoxia, promoter activities of all three Sur-P-luciferase constructs were increased in all tumor cell lines (Figure 3b ). Interestingly, high levels of hypoxia-induced expression of the luciferase gene were observed in pLuc-cyc1.2-transfected MIA PaCa-2 and MCF-7 cells and in pLuc-1430-transfected MCF-7 cells. This observation once again suggested that the 269-nt survivin core promoter has strong activity in most tumor cell lines and its promoter activity can be enhanced in hypoxic tumor cells. Therefore, this survivin core promoter is a good choice for the construction of cancer gene therapy vectors, as it stays active in hypoxic tumor cells.
Combination of the basic Sur-P with a HRE enhances its activity in hypoxic tumor cells while retaining its specificity
To further augment the levels of tumor-specific expression of the Sur-P, we decided to combine it with an exogenous HRE. It has been shown that hypoxia activates the expression of a number of genes through binding of two basic helix-loop-helix PAS proteins (HIF-1a and HIF-1b) to an HRE consensus DNA sequence. 24 Several studies have demonstrated that HREs regulating the human VEGF and the erythropoietin (EPO) genes induce specific gene expression in hypoxic cells, and those constructs have great potential for cancer gene therapy. [25] [26] [27] In this study, an HRE fragment composed of six tandem copies of VEGF-HRE (V6R) 28 was cloned upstream of the 269-bp survivin core promoter in pLuc-cyc1.2. The resultant pLuc-HRE-cyc1.2 vector was transfected into human tumor and normal cell lines. After the cells were cultured with or without hypoxia for 24 h, luciferase activities were examined ( Figure 4 ). As expected, a higher promoter activity was found in pLuc-HRE-cyc1.2-transfected tumor cells under hypoxic conditions (Figure 4a-c) . pLuc-HRE-cyc1.2 showed 1.6-(MIA PaCa-2), 2-(MDA-MB-231) and 4.7-(MCF-7) fold stronger promoter activity than that of pLuc-cyc1.2 in the transfected cells after culture in hypoxic conditions (Figure 4 ; MCF-7 cells:
Most importantly, we found that the VEGF-HRE did not alter the tumor specificity of the Sur-P, since low levels of promoter activity were detected in normal human cell lines MCF-10A (Figure 4d ) and HDF ( Figure  4e ), transfected with pLuc-cyc1.2 or pLuc-HRE-cyc1.2 and then cultured with or without hypoxia. Thus, our results strongly suggest that a combination of the 269-bp survivin core promoter with the VEGF-HRE fragment V6R should direct cancer cell-specific transcription in normoxic and hypoxic tumor cells. 
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Expression of an autocatalytic reverse caspase-3 (Rev-cas-3) gene driven by the 269-nt survivin core promoter selectively induced cell death in human tumor but not normal cells Next, we examined the feasibility of gene therapy using the 269-nt survivin core promoter to control therapeutic gene expression in tumor cells. We employed an autocatalytic Rev-cas-3 gene, which was derived from the procaspase-3 gene by switching the small subunit gene to the front of the large subunit gene. 29 The resultant Rev-cas-3 gene products were able to process themselves autocatalytically into active forms of caspase-3 without the requirement of an active upstream apoptotic signaling. Our previous studies indicated that the constitutive expression of the Rev-cas-3 gene from a CMV promoter induced a high level of apoptosis in both tumor and normal cell lines. 20 Here, we replaced the CMV promoter in a pAdtrackCMV-Rev-cas-3 vector with the survivin core promoter to obtain pAdtrack-Sur-PRev-cas-3 ( Figure 5a ). The Rev-cas-3 gene-expressing vectors controlled either by a CMV or by the survivin core promoter were transfected into human tumor and normal cell lines and the percentages of apoptotic cells, in the transfected cells (GFP positive) were determined 48 h later by Hoechst 33342 staining. As shown, expression of the Rev-cas-3 gene driven by the CMV promoter induced apoptosis in both tumor and normal cell lines (Figure 5b and c) . Over 90% of breast cancer (MCF-7 and MDA-MB-231) and normal (MCF-10A) cells, as well as 68% of pancreatic cancer (MIA PaCa-2) cells, were undergoing apoptosis after transfection with pAdtrackCMV-Rev-cas-3 ( Figure 5c ). In contrast, expression of the Rev-casp-3 gene driven by the survivin core promoter specifically induced a high percentage (B75%) of apoptotic cell death in tumor cell lines but not in MCF-10A normal cell line (Figure 5b and c) . The level of apoptosis in pAdtrack-Sur-P-Rev-cas-3-transfected Hypoxia enhances survivin promoter activity in tumor cells L Yang et al MCF-10A normal cells was 15%, which was comparable with the control pAdtrackCMV vector-transfected group (Figure 5c ). Thus, our results for the first time demonstrate that the 269-nt survivin core promoter is a good candidate to direct cancer cell-specific expression of therapeutic or cytotoxic genes, which exclusively results in apoptosis of tumor but not normal cells.
Discussion
Recent studies have shown that a novel member of the IAP protein family, survivin, is expressed at a high level in 60-100% of the most common human tumor types, including the colon, pancreas, breast, lung, liver, brain, lymphoma, melanoma and prostate cancers. [12] [13] [14] [15] Survivin is highly expressed in fetal tissues but is not found in most normal adult tissues. 12 Therefore, the Sur-P should be an excellent candidate for controlling specific expression of therapeutic genes in human tumor cells. Since expression of survivin is upregulated in most common tumors, construction of cancer gene therapy vectors with the Sur-P has an advantage over many other tumorspecific promoters, which are only active in one or several types of human tumors. 1 A previous study showed that a 1092-bp fragment of the human Sur-P could direct the expression of an alkaline phosphatase marker gene in human ovarian, breast, colon, lung and uterus cancer cell lines. Alkaline phosphatase activity was also detected in plasma samples of mice implanted with ovarian tumor cell lines stably transfected with this construct. 30 Based on the observation of a low Sur-P activity in normal mouse fibroblast (NIH3T3) and mouse ovarian surface epithelial cell lines, it was concluded that Sur-P activity is specifically activated in tumor cells. 30 However, it remained unclear what activity level the Sur-P would have in normal human cell lines and whether the 1092-bp promoter is optimal for the design of cancer gene therapy vectors. While a previous study had shown the activity of different sized Sur-Ps in Hela cells, it had not been determined which construct produced high activity while retaining tumor specificity. 31 To answer some of these remaining questions, we examined human Sur-P activities in human breast and pancreatic cancer cells as well as in primary human normal cells. First, we examined a number of Sur-Pluciferase constructs containing 269, 1430 or 6270 nt of survivin gene. 5 0 -flanking sequences, and found that the promoter activity of the survivin core promoter ( þ 1 to The relative Sur-P activity was calculated based on the relative luciferase activity of MCF-7 cell lysate transfected with a control pGL2-basic plasmid under normoxic conditions. The bars in the figure represent the mean values plus s.d. from two (MDA-MB-231), four (MCF-10A and MIA PaCa-2), five (HDF) or six (MCF-7) independent experiments. There was a significant difference in the luciferase activity between pLuc-cyc1.2-transfected and pluc-HREcyc1.2-transfected MCF-7 cells under hypoxic conditions (Po0.0013, Student's t-test). Although the level of luciferase activity was higher in pLuc-HREcyc1.2-transfected MDA-MB-231 or MIA Paca-2 cells than that in pLuc-cyc1.2 transfected cells after hypoxia treatment, the difference was not statistically significant (MDA-MB-231: Po0.6, MIA PaCa-2: Po0.14, Student's t-test).
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À268 bp of 5
0 -flanking region of the survivin gene) is comparable or higher than that of the other constructs. We further demonstrated that the 269-nt survivin core promoter directs a high level of luciferase activity in the three human tumor cell lines examined but not in two normal human cell lines. Consistent with the result of a previous study using the 1092 promoter fragment, 30 we found that the À269 nt survivin core promoter has the same activity as the SV-40 promoter in two of three human tumor cell lines. Therefore, our results demonstrate, for the first time that the 269-nt survivin core promoter has strong promoter activity and is sufficient to direct specific gene expression in human tumor cells while maintaining minimal promoter activity in primary human fibroblast and normal immortalized human mammary epithelial cells. The identification of a small sized tumor-specific promoter has an important advantage for constructing virus-based vectors, since most of the viral vectors have a size limitation on inserting exogenous sequences. 32 It is well known that human tumors contain regions that are deficient in oxygen due to a rapid growth rate of the tumor cells and the presence of an abnormal vasculature. 23, 24 Studies have shown that there are significant associations between intratumoral hypoxia and tumor metastases, response to chemotherapy or radiotherapy and prognosis of cancer patients. [33] [34] [35] [36] [37] It has been shown that hypoxia modulates the expression of different sets of genes in cancer cells. 36 To generate gene therapy vectors that are effective for hypoxic tumor cells, it is crucial to use transcriptional control elements that are active in these cells. The effect of hypoxia on the expression of the survivin gene was unknown. We found that hypoxia moderately upregulated the endogenous survivin steady state mRNA levels and the expression of Sur-P-luciferase reporter constructs. The promoter activities of all three promoter-luciferase constructs including the 5 0 -flanking region from À269 to À6270 nt were upregulated, suggesting the presence of hypoxia regulatory sequences within þ 1 to À268 nt of the Sur-P. Consistent with this notion, inspection of the 269-nt Sur-P revealed the presence of a putative core HIF-1a binding site (5 0 -CGTG-3 0 ) 38 in the À82 to À85 bp 5 0 -flanking region of the survivin gene. However, the role of the HIF-1a-like binding site in regulation of survivin gene expression in hypoxic condition requires further investigation.
Hypoxia induces upregulation of HIF-1a, a transcription factor, that mediates transcriptional responses in cells through binding to an HRE existing in hypoxia-inducible ). Student's t-test was used for all statistical analyses.
Hypoxia enhances survivin promoter activity in tumor cells L Yang et al genes. 35 The potential of using an HRE to control the expression of therapeutic genes in hypoxic cells has been examined by several laboratories. For example, combination of the VEGF-HRE or Epo-HRE with minimal promoters of either CMV or SV-40 greatly enhanced gene expression in hypoxic tumor cells or ischemic myocardium. 28, [39] [40] [41] An HRE from the VEGF gene was also engineered in the adenoviral vector to control the expression of the E1 gene, resulting in a hypoxiaactivated replication-competent adenoviral vector that specifically replicates and induces cell death in hypoxic tumor cells. 27 We also examined the feasibility of enhancing the level of specific gene expression in hypoxic tumor cells through the combination of six copies of VEGF-HRE with the survivin core promoter. The results from our study indicated that the presence of VEGF-HRE fragments in the 5 0 -flanking region of the Sur-P significantly increased the level of luciferase reporter gene expression in hypoxic cancer cells. Most importantly, we found that this chimeric enhancer/promoter construct retained the ability of controlling specific gene expression in human tumor cells while only exhibiting a very basal activity in normal cells. Thus, the results of this study demonstrate that a combination of Sur-P with VEGF-HRE further enhances the level of specific gene expression in hypoxic tumor cells. This chimeric construct should provide a powerful transcriptional control element for generating cancer gene therapy vectors that are able to target tumor cells with or without hypoxia. This tumor-specific promoter should also have advantages over other promoters since its activity is upregulated in hypoxic tumor cells, which are a cell population resistant to chemo-and/or radiotherapy.
Finally, as a proof-of-principle we wanted to demonstrate that the Sur-P's ability to direct tumor-specific gene expression to tumor cells could be used to mediate specifically therapeutic tumor cell death. We constructed a vector with the expression of an apoptosis-inducing gene (Rev-cas-3) directed by the survivin core promoter (269 nt). Expression of this vector induced apoptotic cell death specifically in human tumor cells. Therefore, the Sur-P is an excellent candidate for generating novel gene therapy vectors that control the expression of apoptotic or other cytotoxic genes specifically to tumor cells.
Materials and methods

Human tumor and normal cell lines
Breast cancer cell lines MDA-MB-231 and MCF-7, pancreatic cancer cell line MIA PaCa-2 and normal immortalized human mammary epithelial cell line MCF-10A were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Primary normal human dermal fibroblast cell line HDF was purchased from Emory University Skin Disease Center (Atlanta, GA, USA). MIA PaCa-2 cells were cultured in DMEM medium (Mediatech, Herndon, VA, USA). Human breast cancer cell lines were maintained in DMEM/F-12 medium (50:50, Mediatech). All the above media were supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA), 2 mM L-glutamine, 100 IU/ ml penicillin and 100 mg/ml streptomycin (Mediatech). HDF was maintained in DMEM medium with 20% FBS.
MCF-10A cells were cultured in DMEM/F12 medium supplemented with 20 ng/ml epidermal growth factor, 500 ng/ml hydrocortisome, 100 ng/ml of cholera toxin, 10 mg/ml insulin, 2 mM L-glutamine and 5% FBS.
Real-time RT-PCR
Total RNAs were isolated using RNA Bee kit (Tel-test, Friendswood, TX, USA). RNA samples (2 mg) were amplified with Omniscript RT kit using an oligo-dT primer (QIAGEN Inc., Valencia, CA, USA) to generate 20 ml of cDNAs. cDNA (1-2 ml) was then quantified by real-time PCR with primer pairs for survivin or b-actin using SYBR Green PCR Master mix. The real-time PCR was performed on ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA) or 
Western blot analyses
Cells were lysed in 50 mM HEPES, 50 mM NaCl, 5 mM EDTA, 10 mM Na 2 P 2 O 7 Á 10 H 2 O, 50 mM NaF, 1 mM NaVO 4 , 1% Triton X-100 and protease inhibitor cocktail tablets (Complete mini, Roche Molecular Biochemical, Indianapolis, IN, USA). Protein concentrations of the resulting lysates were determined using Bio-Rad protein assay kit. Protein (50 mg) was resolved on 12-15% polyacrylamide-SDS gels and then transferred to PVDF membranes (Bio-Rad laboratories). The membranes were blocked with 5% of nonfat milk in Tris-buffered saline for 1 h, and then incubated for 2 h with goat anti-human survivin (1:600) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or mouse monoclonal anti-b-actin antibody (1:2000) (Sigma Chemical Co., St Louis, MO, USA). After three washings, the membranes were incubated with horseradish-peroxidase conjugated with anti-goat or mouse secondary antibody (Santa Cruz Biotechnology) for 1 h. The levels of specific proteins in each lysate were detected by Enhanced Chemiluminescence using ECL plus (Amersham International, Buckingham, UK) followed by autoradiography.
Sur-P-luciferase reporter constructs
Human Sur-P-firefly luciferase report constructs include: (1) pLuc-cyc 1.2, which contains a 269 nt 5 0 -flanking region from þ 1 to À268 bp of the survivin gene; (2) pLuc-1430 that contains 1430 nt of 5 0 -flanking region from À39 to À1469 bp of the survivin gene; and (3) pLuc-6270 containing 6270 nt of Sur-P sequence from À39 to À6309 bp of the survivin gene (see Figure 1a) . Generation of these plasmids were described previously. 31 Hypoxia enhances survivin promoter activity in tumor cells L Yang et al To determine whether the HRE from the VEGF (VEGF-HRE) enhances the Sur-P activity, we engineered a construct with VEGF-HRE placed in the 5 0 region of the 269 nt Sur-P. Six tandem copies of the VEGF-HRE (V6R) were cut from pBI-HRE vector using Xho1 and Stu1.
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Plasmid pLuc-HRE-cyc 1.2 was generated by cloning the blunt VEGF-HRE V6R fragment into pLuc-cyc 1.2 plasmid at a blunt BamH1 site, located 5 0 region to the Sur-P. pGL2-or pGL3-basic plasmids (Promega Corp., Madison, WI, USA), which are promoter-less vectors and contain a firefly luciferase gene, were used as a control plasmid. The pGL-3 promoter plasmid (Promega) has an SV-40 promoter driving expression of the firefly luciferase gene.
Luciferase reporter assays
Cells were plated in 24-well tissue culture plates at 80-90% confluence for 24 h. The cells were then cotransfected with 1 mg of various Sur-P-luciferase gene constructs and 10 ng of pRL-SV-40 internal control plasmid that expresses a renilla luciferase gene (Promega.) using LipofectAMINE 2000 (Invitrogen, Carlsbad, CA, USA). The transfected cells were cultured in 5% CO 2 tissue culture incubator at 371C for 24 h. For experimental groups receiving hypoxia treatment, the plates were placed in a hypoxia chamber with 1% O 2 , 5% CO 2 and 94% N 2 (Specialty Gases, GA, USA) and incubated at 371C for 24 h. The luciferase activity in the cell lysates was measured with a luminometer (Lumistar galaxy, BMG, Winooski, VM, USA) using Dual Luciferase Assay System (Promega). The relative luciferase activity for each sample was calculated as a ratio of firefly luciferase activity divided by renilla luciferase activity. The level of renilla lucifease activity, which was expressed from the cotransfected pRL-SV-40 plasmid, was used as an internal control for differences in transfection efficiencies among the cell lines.
Construction of the Rev-cas-3 gene-expressing vectors
An autocatalytic Rev-cas-3 gene, which was engineered by switching the position of the small subunit to the front of the large subunit, was kindly provided by Dr Emad S Alnemri at Thomas Jefferson University in Philadelphia, PA, USA. The Rev-cas-3 gene 29 was cloned into the Xho1 and EcoRV site of pAdtrackCMV vector 42 (Dr Bert Vogelstein, Johns Hopkins University, MD, USA), which generated pAdtrackCMV-Rev-cas-3 plasmid. To engineer a plasmid with the Rev-cas-3 gene expressed from the Sur-P, we first transferred the BamH1-HindIII Sur-P fragment from pLuc-cyc1.2 plasmid to BgII and HindIII site of p-shuttle plasmid, 42 resulting in a p-shuttle-Sur-P plasmid. Then, the CMV promoter in pAdtrackCMVRev-cas-3 vector was replaced by the Sur-P through cloning the Kpn1-Bstp1 fragment from the p-shuttle-Sur-P vector into Kpn1-Bstw1 site in pAdtrackCMV-Rev-cas-3 plasmid, generating a pAdtrack-Sur-P-Rev-cas-3 vector with the Rev-cas-3 expressed from the survivin core promoter.
Transfection and analysis of apoptotic cells
Plasmids (1 mg) were transfected into cultured tumor or normal cell lines in 24-well tissue culture plates using LipofectAMINE 2000 (Invitrogen). At 48 h after transfection, the cells were stained with 10 mg/ml of Hoechst 33342 (Molecular Probes, Inc., Eugene, OR, USA) for 10 min and examined under an inverted fluorescence microscope (Nikon Eclipse E800, Nikon Instrument Inc., Melville, NY, USA) within 1 h. Since the cloning vector pAdtrackCMV has an expressing cassette for the green fluorescence protein (GFP) gene, the percentages of apoptotic cells in transfected cell populations were determined by counting the number of GFP-positive cells with apoptotic nuclear morphology within all GFPpositive cells in each field. Fluorescent images were taken using Optronics Magnafire digital imaging system (Meyer Instrument, Houston, TX, USA).
